Introduction
The InfraRed Thermography (IRT) is imposed as one of the main methods of diagnosis based on the assessment of features of the surface temperature field [1, 2, 7, 12] . Because of the high resolution of the method, IRT appears to be an efficient tool for the diagnostic information for low temperature [7, 12] and for high temperature plants [5, 8, 14] .
A method for assessing the diagnostic state of the metallurgical ladle refractory lining in a batch mode is proposed in this investigation. In the previous works [8, 13, 14] the same diagnosis task, but for steady-state conditions was solved by approximation of the consecutive states of refractory lining, obtained from a direct heat transfer problem solution [8, 9, 10, 14] .
As a basic method in the diagnosis of nonstationary plants the model-based methods [3, 4, 6, 11, 15] have been established. In this area there is a large amount of research and results, including industry-oriented applications [6, 11, 15, 16] . Critical in this approach is the creation of an adequate mathematical model of the plant [6, 15] . In the case considered the use of a mathematical model directly in the procedure of diagnosis could be very difficult. This is due to the high complexity of the model of nonstationary heat transfer under varying boundary conditions, which are described by nonlinear partial differential equations [9] . To solve this type of models the most common approach is to use software based on the finite elements method (FEM). Due to the need of large computational load, which is difficult to guarantee in case of sporadic inspections, the present study proposes the use of a Data-based diagnosis approach. Unlike [11, 15, 16] , the input data here are derived from IRI thermograms after image processing of the surface temperature of the ladle. These thermograms are nonstationary, but periodic ones. This allows some established parameters of the periodic fluctuations of the individual points of the surface temperatures to be used for diagnosis purposes. They are considered as diagnostic features and used directly in the diagnosis procedure.
Problem statement
In this paper the problem of nonstationarity occurs because the metallurgical ladles work in a batch mode with abrupt changes in the boundary conditions. This causes forced oscillations regimes in the refractory lining. A typical operating time schedule for metallurgical ladle is shown in Fig. 1 [9] . The duration of the individual process stages could be considered without significant deviations in various companies. The practical measurements of the ladle surface temperature [5, 9] show that after the fourth cycle from the start of certain ladle work, the temperature has stable oscillations' parameters. Consider the process of nonstationary heat transfer, which is described by the following mathematical model:
where T is the temperature, °С; λ is the heat conductivity, W/(m.K); c is the specific heat, kJ/(kg.K); ρ is the density, kg/m 3 ; r is a radius, m; z, r and ϕ are coordinates;
τ is the time, s.
The transient thermal model has been developed using two boundary conditions.
1. For the inner lining wall: (2) 2. To use the data from direct thermovision measurements for fine adjustment of the coefficients in the regression equations, defining the diagnosis features performance 1 z , 2 z , 3 z , obtained in [8, 13, 14] .
3. To assess whether it is necessary to make corrections to the results, obtained from the static regression models [8, 13] to evaluate the refractory lining damages in the ladle. • The boundary conditions are nonstationary, periodic and correspond to a typical steel plant (Fig. 1) .
• The oscillations of the surface temperature at various thicknesses of wear (from 0 to 160 mm) are considered.
• All temperature registrations are made after the fourth cycle, when steady state of the oscillations is established.
• The current wear of the lining of the ladle during the cycle (which averaged 3.2 mm per one cycle) is neglected, i.e., the damage is modeled with constant geometry for each of the cases considered.
• The cases of symmetrical axial and radial wear of the wall without any other defects are considered. In the case of numerical experiments, the results (8) and (9) are identical: (10) . 
Adaptation of the regression model
According to the results obtained in [8, 13] , the total remaining thickness of the refractory lining of the ladle is uniquely determined by the background temperature fon T (Fig. 2) by a regression equation: β are coefficients that depend on the thermo-physical characteristics of the heat conducting process: heat exchange coefficient λ , heat transfer coefficient α and emissivity ε. The generalized regression equation (12) can be written in the form: (13) ( ) The remaining thickness of the refractory lining 3 z (Fig. 2) can be presented by the result obtained in equation (11) The overall algorithm for determining the thickness of the remaining lining 3 z with correction of the base regression equations i R is shown in Fig. 7 . Fig. 4 ) is infra low and the fall of amplitude-frequency characteristic of the ladle refractory lining at this frequency is neglectable. The result from Fig. 8 gave a reason to state that in case of periodic processes in a metallurgical ladle, in order to determine the extent of the damage of refractory lining, the regression equations obtained for the static models could be used [8, 13] .
The numerical experiments for independent determining the degree of wear of the refractory lining, based on data from stationary and nonstationary measurements of the surface temperature of the ladle give different, but converging results. This confirmed the assumptions made and their practical usefulness.
Conclusions
The developed method allows reliable estimation of the remaining average thickness of the refractory lining of metallurgical ladle in a dynamic mode to be done.
Using the data about the amplitude and phase differences by two independent sources of information improves the accuracy of the method proposed in case of high level of measurement noises and noncoherency in measurement.
The proposed method for determining the total thickness of refractory lining using independent measurement of the amplitude A and phase φ allows the iterative correction of the underlying regression equations, for improving the accuracy in determining the main diagnosis parameters .
i z
The study shows that in case of a small or medium degree of wear of the ladle refractory lining as first approximation, the static, but adaptive regression equations could be used.
